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Abstract
By performing firt-principles electronic calculations we propose new a phase of group-V allotropes
of antimonene, arsenene and phosphorene in the pentaoctite structure. By calculating the phonon
spectra, we show that all these phases are stable. Whereas these structures have a indirect band
gap, they can be made direct gap materials by applying external strain. GW calculations of the
dielectric function demonstrate that all these structures have an absorption spectrum in the visible
region, which could be useful for group-V optoelectronics.
I. INTRODUCTION
Since the discovery of graphene [1, 2] much
attention has been devoted to discover new
two-dimensional materials due to their excep-
∗ andreialuisa@ufg.br
† erika@ufr.edu.br
tional properties such as high electrical con-
ductivity, and mechanical robustess. How-
ever, opening a band gap in graphene has
been proofed rather difficult, thus limiting
its applications in electronic devices. There-
fore, topological defects have been often used
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to tune the electronic properties of two-
dimensional carbon materials. In particular,
structural pentagonal, heptagonal and octag-
onal rings have been considered as possible
defects in carbon nanostructures [3–7] Indeed
defects composed of pentagons and octagons
embedded in a perfect graphene have been
observed in graphene [8, 9]. The advantage
of these lower symmetry structures is that
they could be more easily functionalized than
graphene and therefore are promising for ap-
plications in optoelectronics [6].
Recently, the existence of an allotrope
phase of bismuthene called pentaoctite, in
which all hexagonal rings are replaced by
either pentagons or octagons has been pro-
posed [10, 11]. These structures show a size-
bale band gap, can be stable under strain and
have topological insulator behavior with pro-
tected surface non-trivial Dirac states.
In this work we extend our investi-
gations of this allotrope phase to phos-
phorene [12], arsenene [13, 14] and anti-
monene [15, 16]. Our first-principles calcula-
tions show that these two-dimensional struc-
tures are metastable against their respective
hexagonal phases, but have relatively low for-
mation energies. In particular group-V pen-
taotite can become a direct gap materials un-
der tensile or compressive strain. Our calcu-
lated dielectric function show that all struc-
tures have absorption edges in the visible re-
gion, making these materials suitable for op-
toelectronic applications.
II. METHODOLOGY
In our calculations, the first principles
geometry optimizations and the electronic
structure calculations were performed using
the density functional theory (DFT) [17, 18],
as implemented in the Vienna ab initio simu-
lation package VASP [19]. The generalized
gradient approximation (GGA) [20] is em-
ployed to describe the exchange and corre-
lation potential. The interactions between
the valence electrons and the ionic cores are
treated within the projector augmented wave
(PAW) [21, 22] method. The electronic wave
functions are expanded on a plane-wave basis
with an energy cutoff of 500 eV. The Brillouin
zone (BZ) is sampled using a (10×10×1) Γ-
centered Monkhorst-Pack [23] grid. The sys-
tem is modelled using supercells repeated
periodically along the nanostructure plane
with a vacuum region of 12 A˚ perperdicu-
lar to the surface plane in order to avoid
the interactions between periodic images of
the supercell. Spin-orbit coupling was in-
cluded in all electronic structure calculations.
Phonon properties were carried out employ-
ing the density functional perturbation the-
ory (DFPT) method, as implemented in the
PHONOPY code [24]. The calculation of the
2
dielectric function was performed using the
GW method [25] with a (6×6×1) k-points
mesh and energy cutoff of 400 eV.
III. RESULTS AND DISCUSSIONS
The crystal structure of a typical pentaoc-
tite sheet is shown in Fig. 1. The top
view shows that the new phase is composed
of two side-sharing pentagons connected to
octagon rings. The unit cell contains 12
atoms. The side view (lower panel) shows the
buckling height (h). Typically, the nearest-
neighboring atoms belong to different sub-
layers. The equilibrium in-plane parameters
of pentaoctite sheet of P, As, and Sb are
a=9.00 A˚, b=6.33 A˚; a=9.76 A˚, b=7.05 A˚ and
a= 11.07 A˚, b= 8.00 A˚, respectively. Buckling
increases with atomic number and is larger
for Sb. These lattice parameters increase
as the atomic size increases. The optimized
structural parameters are shown in Table I.
In order to study the stability of pen-
taoctite sheets of P, As, and Sb, we exam-
ined the phonon dispersions along the high-
symmetry lines in the Brillouin zone (BZ)
(Fig. 2). No imaginary modes are present,
confirming that the freestanding pentaoctite
sheet is dynamically stable. Similarly to
other 2D layered materials [26, 27], there are
three distinct acoustic modes in the phonons
spectra of pentactite. The in-plane longi-
FIG. 1: Top and side views of relaxed
pentaoctite structure. The unit cell with the
lattice vectors and buckling h (lower panel)
are shown.
tudinal acoustic (LA) and transverse acous-
tic branches (TA) have linear dispersions
near the Γ point, whereas the out-of-plane
acoustical modes (ZA) has quadratic disper-
sion. The quadratic ZA mode in the long-
wavelength region is closely associated with
the bending rigidity and lattice heat capac-
ity of the nanosheets, as discussed in pen-
tagraphene [6] Also, there is a hybridization
of ZA and ZO modes in all phonon disper-
sions. As a matter of comparison, in hexag-
onal As, the optic and acoustic branches are
well separated by a gap [13]. Although the
presence of imaginary frequencies is not seen,
the parabolic behavior of one of the acustic
modes close to the Γ-point is present Fig. 2.
In general, the ZA mode is very soft in 2D
3
a (A˚) b(A˚) h(A˚) Eg Z2
PBE HSE G0W
P 9.00 6.33 1.41 1.01 1.34 2.94 0
As 9.76 7.05 1.63 1.13 1.36 2.37 0
Sb 11.07 8.00 1.92 0.83 1.01 2.60 0
TABLE I: GGA-PBE optimized structure parameters of pentaoctite P, As, and Sb. a and
b are the lattice constants and h is the buckling height. The bang gaps Eg are given in eV.
Z2 is the topological invariant.
materials, and a slight reduction of the lat-
tice constant may result in imaginary phonon
frequencies near the Γ point. In particular
for pentaoctite phophosrene this behavior is
more emphasized, as shown in Fig. 2 (c).
Additionally we have calculated the en-
ergy formation of pentaoctite sheets, ∆E,
with respect to the honeycomb struc-
tures. The formation energy is defined
as ∆E = Etotal − Natom × µatom/Natom,where
Etotal is the total energy of pentactite (P,
As, and Sb), Natom is the total number of
atoms in the crystal structure, and µatom is
the energy per atom calculated for hexagonal
honeycomb structure. The relative formation
energies of pentaoctite sheets of P, As, and
Sb are 46 meV/atom, 49 meV/atom, and 62
meV/atom, respectively.
In order to compare the band structures
of hexagonal and pentaoctite structures, we
have calculated the orbital projected band
structure of hexagonal blue phosphorene, ar-
senene and atimonene. These are shown in
Fig. 3. Hexagonal blue phosphorene is a in-
direct band gap semiconductor with the con-
duction band minimum (CBM) located be-
tween the Γ and M points while valence
band maximum (VBM) is located between
the K and Γ points, as seen in Fig. 3(a).
Most contribution at VBM comes from px
orbitals. Band gap is around 1.91 eV, in
good agreement with previous GGA investi-
gations [28, 29]. The band gap of pentaoctite-
P is around 1.01 eV (1.34 eV with HSE).
These values are reported in Table I. Buck-
led hexagonal arsenene is an indirect bandgap
semiconductor with the VBM at the Γ-point
and the CBM along the Γ-M-direction, as
shown in Fig. 3(b). The calculated indirect
band gap is 1.53 eV in agreement with previ-
ous calculations [30]. HSE indirect has been
reported to be 2.89 [13]. Furthermore a free
standing monolayer of hexagonal As has neg-
ative frequencies and therefore though the
structure is energetically stable, it is dynam-
ically not stable [13, 31]. On the other hand,
our results show that the calculated band
gaps of pentaoctite-As are 1.13 eV with GGA
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FIG. 2: Phonon dispersion relation for pentaoctite (a) P, (b) As, and (c) Sb.
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FIG. 3: Electronic band structure, with
different orbital contributions of hexagonal
(a) P, (b) As, and (c) Sb and pentaoctite
(d) P, (e) As and (f) Sb at zero strain. Red,
green, and blue colors represent contribution
from px, py, and pz orbitals, respectively.
and 1.36 eV with HSE, as shown in Table I.
In hexagonal Sb, VBM is at Γ-point and
CBM between Γ and M points as seen in Fig.
3 (c). Hexagonal antimonene has a band gap
of 1.02 in good agreement with other calcu-
lations [32, 33]. Finally in pentaoctite-Sb [34]
the energy fundamental band gap is 0.83 eV
with GGA and 1.01 eV with HSE as seen in
Table I. As a general conclusion, the band
gaps in pentaoctite phases are larger than in
hexagonal phases for P, As and Sb. This dif-
ference in the band structure and band char-
acter can be understood considering the dif-
ferent buckling and hybridization.
Fig.4 the band decomposed charge density
at VBM for pentaoctite phases of P, As and
Sb at zero strain. One can see that for P,
Fig.4 (d) the main contribution comes from
orbitals pz. For As, as shown in Fig.4 (e),
the main contribution comes from orbitals px.
Finally, for Sb the main contribution comes
from orbitals px as seen in Fig. 4 (f). The
flatening of the band structure is due to the
different hybridization within the octagon-
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FIG. 4: Electronic band structure, with different orbital contributions of hexagonal (a) P,
(b) As, and (c) Sb and pentaoctite (d) P, (e) As and (f) Sb at zero strain. Red, green, and
blue colors represent contribution from px, py, and pz orbitals, respectively. Band
decomposed charge density at VBM for pentaoctite phases of (a) P, (b) As and (c) Sb at
zero strain. Isosurface values are 5x10−4 e/A˚
3
pentagon rings, as discussed in Ref. [10, 11].
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FIG. 5: Electronic band gap as a function
of strain for phosphorene, arsenene and
antimonene. Positive (negative) values mean
tensile (compressive) strain.
It is known that external strain can be
used to tune and modify the electronic band
structure of materials. As all investigated
structures show indirect band in the pentaoc-
tite phase. Therefore we have applied com-
pressive and tensile strains between -5% and
+5%. Fig. 5 shows that indeed the band gap
is sentisive to strain. However, all structure
are more sensitive to negative (compressive)
strain than to positive (tensile) strain. In
particular, pentaoctite-As shows the largest
variation for tensile strain.
The resulting band structures of strained
pentaoctites are shown in Fig. 6. The spe-
cific strain show the transition from indirect
to direct bandgap with a VBM and CBM
at the Y point. In pentaoctite-P compres-
sive strains >4% (Figs. 6 (a)) leads to a di-
rect bandgap, whereas tensile strains >5%
6
transform pentaoctite-As and pentaoctite-Sb
(Figs. 6 (b) and (c)) into a direct bandgap
semiconductor.
It has been predicted that several two-
dimensional materials behave like topologi-
cal insulators, which implies the presence of
conducting edge states carrying two counter-
propagating spin-polarized currents [35]. Due
to constraints of time-reversal symmetry,
these conducting edge states are protected
against backscattering, making them suit-
able for spintronics applications. Although
graphene was initially proposed behave like a
topological insulator, the spin-orbit coupling
(SOC) in this material is very weak. In group
V-materials, hexagonal and pentaoctite bis-
muth monolayers have been predicted to be
a 2D topological insulator (TI) [10, 11, 36?
–39]. In order to investigate whether the
pentaoctite sructures behave like topological
insulators we have calculated the Z2 invari-
ant according to Ref. [35]. On the contrary
of pentaoctite bismuthene, our investigated
structures are not topological insulators.
Finally, the dielectric function of pentaoc-
tite layers were investigated by calculating
the imaginary part of the dielectric function
at GW0 level. This means that the Green’s
functions are calculated iteratively whereas
the Coulomb potential W is kept at the DFT
level. The imaginary part of the dielectric
function is calculated directly from the elec-
tronic structure through the joint density of
states and the momentum matrix elements
occupied and unoccupied eigenstates accord-
ing Ref.[25].
We show the dielectric function calculated
within the GW0 approximation in Fig. 7. The
parallel εxx and εyy) and perpendicular εzz
components of the the imaginary part of the
dielectric function ε2 are shown. The par-
allel components corresponds to the propa-
gation of the external electromagnetic field
parallel to the pentaoctite plane while εzz
corresponds to the field perpendicular to the
plane. Because of optical selection rules,
anisotropy in the optical spectra is seen.
Anisotropy has also been reported in lay-
ered monochalcogenide of germanium sul-
fide (GeS) [40], black phosphorous [41] and
bismuthene[34, 39] and germanene [42]. The
systems with a gap show finite absorption
limits for both parallel and perpendicular di-
rections with larger intensity for the (ε‖ com-
ponent.
In the imaginary part of the dielectric
function, the energy onsets are 2.6 as seen
in Fig. 7(a), 2.1 seen in Fig. 7(b) and 1.51 eV
seen in Fig. 7(a) for P, As and Sb, respec-
tively. Additionally, there are only one main
peak around 7.0, 5.27 and 6.2 eV for P, As
and Sb, respectively. Materials with band
gaps below the 1.65 eV absorb well in the
infrared (IR) region of the spectrum. There-
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FIG. 6: Band structure of pentaoctite phase (a) P, (b) As, and (c) Sb, under -4%, 5%,and
5% strain condition, respectively. Red, green, and blue colors represent contribution from
px, py, and pz orbitals, respectively.
fore, antimonene will start to absorb electro-
magnetic radiation in the IR region as an op-
tical material, but absorption in antimonene
will be strongest in the UV part of electro-
magnetic spectrum. In Fig. 7(d) we show the
dielectric function for strained antimonene.
The strain shifts the spectrum to smaller en-
ergies, as expected.
IV. CONCLUSIONS
We have performed density-functional
theory calculations for group V allloropes.
We show that pentactotie structures of these
materials are stable. The electronic proper-
ties show a sizeable band gap with absorption
spectrum in the visible region. We suggested
that such defects can be useful as building
blocks for group-V electronics.
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